There is growing demand for new bioactive compounds and biologicals for the pharmaceutical, agro-and food industries. Plant-associated microbes present an attractive and promising source to this end, but are nearly unexploited. Therefore, bioprospecting of plant microbiomes is gaining more and more attention. Due to their highly specialized and co-evolved genetic pool, plant microbiomes host a rich secondary metabolism. This article highlights the potential detection and use of secondary metabolites and enzymes derived from plant-associated microorganisms in biotechnology. As an example we summarize the findings from the moss microbiome with special focus on the genus Sphagnum and its biotechnological potential for the discovery of novel microorganisms and bioactive molecules. The selected examples illustrate unique and yet untapped properties of plant-associated microbiomes, which are an immense treasure box for future research.
Introduction
Bioprospecting is the process of discovery and commercialization of new products based on biological resources (Strobel and Daisy, 2003) . A growing need for new bioactive compounds in the pharmaceutical (e.g. antibiotics against multi-resistant pathogens) and the agro-and food industries (e.g. agrochemicals, biocontrol products, food additives) stresses the importance of prospecting for novel bio-resources (Berg et al., 2013; Woolhouse and Farrar, 2014) . Since the chemical diversity of compounds as comprised in biological resources is higher than synthetic chemistry achieves, bio-resources have great potential to hold a manifold of promising compounds for biotechnological application (Bérdy, 2012; Nováková and Farkašovský, 2013) . Plants have been described as one of the richest sources of valuable bioactive natural products (McChesney et al., 2007) . Progress in the -omics era, including next-generation sequencing (metagenomics, metatranscriptomics) and microscopic advances, has changed our view on eukaryotic hosts and the role of microbial diversity and microbial functions (Jansson et al., 2012; Cardinale, 2014; Mendes and Raaijmakers, 2015) . Nowadays, we consider plants, like humans and other eukaryotic hosts, as meta-organisms that undergoes a tight symbiotic relationship with their microbiome (Bulgarelli et al., 2012; Hirsch and Mauchline, 2012; Lundberg et al., 2012) .
Each plant is colonized by more than 1,000 microbial species, which are to a high degree not cultivable. In addition, plants are divided into specific niches for microorganisms, where biotic and abiotic factors shape specific microbial communities. While the rhizosphere has been well-studied for more than 100 years (Philippot et al., 2013) , the phyllosphere and especially the endosphere are currently under intense investigation (Vorholt, 2012; Hardoim et al., 2015) . Moreover, each plant microbiome has due to the plant-specific secondary metabolism and physiology a specific composition (Berg and Smalla, 2009 ). This depends on the plant family, for instance dicotyledonous plants have developed a richer secondary metabolism than monocotyledonous plants. Recently it was shown that breeding has a strong impact on the plant microbiome as well, and cultivar-specific effects were identified (Schlaeppi et al., 2014; Cardinale et al., 2015; Pérez-Jaramillo et al., 2015) . Thereby, the microbiome fulfils multiple functions for the host health, like pathogen defense and contribution to stress tolerance under adverse environmental conditions and further supports growth and nutrient supply (Berg, 2009; Berg et al., 2013; Bragina et al., 2014; Grube et al., 2015) .
While the potential of the microbiome to influence the host is now well-recognized (Blaser, 2014; , the diversity of metabolites that are synthetized by the microbiota is largely unexplored (Berg et al., 2014; Nunes-Alves, 2014) . During the last decades it was shown that single cultivable microorganisms represent a plenteous source for novel enzymes and bioactive compounds: around 70, 000 natural products derived from microorganisms were reported with almost half of them showing bioactive traits (Bérdy, 2012) . Altogether, these facts underline the high diversity of indigenous microbial populations in plant microbiomes, and supports their exploitation for biotechnological purposes, for biocatalytic processes and plant protection, or in the pharmaceutical industry (Harvey, 2008; Duke et al., 2010) .
Metagenomics is one means that facilitates examination of the entire genetic pool comprised by (plant) microbiomes, thereby providing access to the potential of the high share of uncultivable microbes. The field of metagenomics has been intensively reviewed in recent time, which illustrates the great interest within the scientific community spanning a wide range of research areas from ecology over medicine to biotechnology (Wang et al., 2014; Banerjee et al., 2015; Coughlan et al., 2015; Cowan et al., 2015; Faust et al., 2015; Garza and Dutilh, 2015; Ravin et al., 2015; Roossinck et al., 2015) . Briefly, metagenomics is the study of the combined genomes of all the organisms present at site without culturing them first (Handelsman, 2004) . Upon extraction of the total environmental DNA it can either be examined at the sequence level or function driven. Sequence based analysis obviously requires the DNA to be sequenced, which commonly involves random shot gun sequencing (Abbasian et al., 2015) . In contrast, when expressed heterologous, the metagenome can be screened for certain, desired activities by subjecting the metagenomic library to specifically designed screening assays (Gabor et al., 2007) .
Bioprospecting towards novel enzymes and bioactive compounds has been frequently performed using environmental samples originated from soil, marine environments and microbiota associated to mammals (e.g. the human gut microbiome), but rarely employing plant-associated microorganisms.
Here we present examples that highlight the enormous microbial and functional diversity, as well as the biosynthetic potential of plant-associated microbiomes for bioprospecting approaches.
Functional and structural insights in plant microbiomes from metagenomics
While the structural diversity of plant microbiomes is well-studied now by amplicon sequencing, it is difficult to find general genetic markers to analyze functional diversity. For this purpose, metagenomic datasets have to be compared and studied in depth. Interestingly, microbiome functions are more similar across different environments than previously thought. For example, Ramírez-Puebla et al. (2013) discussed extensively on similar functional traits in the gut and root microbiome. Based on deeper insights obtained by omics technologies, Mendes and Raaijmakers (2015) recently presented their concept that the structure and function of rhizosphere and gut microbiomes show cross-kingdom similarities. This concept was extended by to ecological rules. To date only a few studies have deciphered the functional diversity of plant microbiota employing shotgun next generation sequencing approaches (rev. in Knief, 2014) . For instance, in depth analysis of the Sphagnum moss metagenome revealed high functional diversity within the microbiome and a higher structural diversity as previously detected with other methods (amplicon sequencing or cultivation-dependent methods) (Bragina et al., 2014) .
In this section we focus on functional and structural diversity of plant metagenomes as summarized in Table 1 , which are important criteria when prospecting for novel bioactive compounds. Based on phylogenetic analysis of plant metagenomic data it was demonstrated that bacterial diversity in higher plants (rhizosphere, phyllosphere, endosphere) is remarkably high, even though it is in general lower than the microbial diversity in the surrounding bulk soil (Delmotte et al., 2009; Bulgarelli et al., 2015) . High abundance of bacterial taxa in the rhizosphere or phyllosphere of rice, barley, moss, lettuce and soybean belong predominantly to the phyla Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and Acidobacteria. Less abundant but highly diverse phyla with functionally outstanding properties are also present, for example Cyanobacteria, Deinococcus, and Chloroflexi (Delmotte et al., 2009; van der Lelie et al., 2012; Kröber et al., 2014; Bragina et al., 2014; Bulgarelli et al., 2015) . The functional diversity of the aforementioned plant-microbiomes has been explored in relation to the plant compartment. In barley roots and rhizosphere, the authors found significant enrichment of biological functions coding for adhesion, stress response, secretion, host-pathogen, microbe-microbe and phagemicrobe interactions, as well as iron mobilization and sugar transport (Bulgarelli et al., 2015) . In contrast, phyllosphere bacterial communities in clover, soybean and Arabidopsis thaliana plants were characterized by high expression of outer membrane proteins (porins, TonB receptors) and ABC-transport systems for carbohydrates (maltose, glucose, sucrose) and amino acids, underlining the role of the phyllosphere microbiota for carbon utilization on the plant leaves (Delmotte et al., 2009 ).
Other groups have focused on the investigation of highly specialized microbial communities and their metabolic functions, for example on the distribution and abundance of phototrophic bacteria on the plant phyllosphere, with putative functions for light sensing and utilization (Atamna-Ismaeel et al., 2012a , 2012b . Here the authors employed metagenome data mining to elucidate the relative abundance of rhodopsin-based phototrophs and anoxygenic phototrophs on leaves of different plants (tamarisk, clover, rice, soybean, and Arabidopsis thaliana). Rhodopsin coding sequences (Atamna-Ismaeel et al., 2012b) , as well as phototrophy-related genes (pufM, bchY, pufL) (Atamna-Ismaeel et al., 2012a) , were used as genetic markers for in silico analysis. Several novel rhodopsin sequences were identified, especially in the tamarisk phyllosphere. These findings suggest the presence of highly diverse and phyllosphere-specific phototrophic species in the studied plant microbiomes. Similarly, van der Lelie et al. (2012) investigated the occurrence and enrichment of specialized indigenous microbial communities from poplar hard wood that are capable of decomposing or modifying lignin under anaerobic conditions. The biomass degrading community was dominated by species belonging to Clostridia, Bacteroidetes and Methanomicrobiales, but also by a novel biomass degrader bacterium displaying similarity to the genus Magnetospirillum, which may be involved in detoxification of aromatic metabolites. The poplar wood metagenome showed high abundance of carbohydrate active enzymes and also the presence of putative cellobiose dehydrogenases and new bacterial genes showing homology to fungal lignin oxidases.
Bioactiva from plant-microbiomes: microbes, enzymes and secondary metabolites
Microbes: The use of isolated microorganisms or microbial consortia as biological control agents (BCAs) is an outstanding alternative to conventional agricultural techniques (Berg et al., 2013) .
While in the past mainly microbes of soil or crop origin were selected, now native and endemic plants or mosses are in the focus of bioprospecting (Opelt et al., 2007; Zachow et al., 2007) .
Colonisation and plant-growth promotion were observed for several endophytic bacterial isolates from Sphagnum moss, belonging mainly to the genus Burkholderia, Pseudomonas, Flavobacterium, Serratia and Collimonas (Shcherbakov et al., 2013) . Bacteria displaying stress protection and growth-promotion of economically relevant crops (e.g. maize and sugar beet) were isolated from alpine mosses, prime rose, and lichens (Zachow et al., 2013) . A possible application of endophytic bacteria for bioremediation has also been discussed (Stępniewska and Kuźniar, 2013) . It was further shown that microbes assist plants in pathogen defence. When Arabidopsis thaliana gets infected with Pseudomonas syringae pv. tomato it increasingly secretes malic acid which attracts Bacillus subtilis BF-17. The colonisation of root tissue triggers an immune response that aids the plant in antagonising the pathogen (Rudrappa et al., 2008) . Raymond (2015) reported the production of ice-binding proteins by epiphytic bacteria in the moss Bryum argenteum grown in the Antarctica. This class of proteins are found mainly in cold-adapted microorganisms, protecting the plant against freezing damage, a property that could be exploited for crop protection strategies as well. These are only a few examples for bioactive microbes from plant microbiomes and a much longer list of studies exists (Berg, 2009; Berg et al., 2013) .
Enzymes: Enzymes with novel activities are classical targets in microbial screenings that aim for an industrial application (Schmeisser et al., 2007) . However, most enzyme discovery screenings to date have focused on analyzing metagenomic libraries from soil and marine environments or the human gut (Simon and Daniel, 2011) . In the case of plant-associated microbiomes, detection of new enzymes have mainly been centered in the investigation of microbial activities that are directly related to antagonism or plant-growth promotion. Cell-wall degrading or lytic enzymes, like cellulases, glucanases, proteases, xylanases and chitinases have been detected in plantassociated microorganisms, especially in endophytic fungi and bacteria (Lumyong et al., 2002; Gayathri et al., 2010; Suryanarayanan et al., 2012; Robl et al., 2013) or rhizobacteria (Inbar and Chet, 1991; Frankowski et al., 2001; Ghyselinck et al., 2013; Castaneda-Alvarez et al., 2015) . In this studies microbiota adapted to extreme conditions received much attention. Reactions as carried out during industrial processes require enzymes to possess not only high functionality and specificity, but also high stability at particular conditions. Hence, tolerance to high salt content, cold or elevated temperature and low or increased pH are desired traits (Elleuche et al., 2015) .
Recent reports describe the discovery (functional screenings) and characterization of a novel salttolerant chitibiosidase for potential degradation of seafood waste, a new alkaline and thermostable esterase Est3K and lipase Lip3K, as well as the esterase EstGX2 that exhibits high stability at elevated temperatures and in the presence of organic solvents (Cretoiu et al., 2015; Gu et al., 2015; Kim et al., 2015) . As in these studies, functional metagenomic screens are often performed on microbiota derived from various kinds of soil and ground (Coughlan et al., 2015) , rather than on plant microbiomes. Plant associated microbes, however, are likely to hold new enzymes for industrial applications. As for polysaccharides, like starch and cellulose, that are widely used in food, textile, paper industry and bioethanol production among others, plant microbiomes most likely harbor microbes that express degrading enzymes with interesting features. Through activity based screening of a metagenomic library constructed from sugarcane bagasse the thermophilic endoglucanase GH9 and xylanase GH11 were isolated. Both enzymes, derived from the indigenous microbial fraction, were characterized as thermophilic with highest activity under slightly acidic conditions, which are interesting features for industrial application in cellulose degradation (Kanokratana et al., 2015) . Likewise, several novel glycoside hydrolase genes (GHases) were identified in naturally occurring microbial biomass decay communities from poplar wood chips, after enrichment in an anaerobic bioreactor. By combination of metagenomic gene mining and fosmid library screening the authors succeeded in the isolation and cloning of 4 metagenomic GHases (Li et al., 2011) . Despite the increasing number of novel enzymes detected in metagenomes in the last decades, only a very small fraction has been expressed and fully characterized to evaluate further utilization in industrial processes (Schmeisser et al., 2007) .
Meanwhile, the demand for functionally characterized biocatalysts is still growing.
Secondary metabolites:
Plants were suggested to select competent endophytes from the environment for their own ecological benefit (Hardoim et al., 2015) . In accordance, a plethora of diverse and highly specialized secondary metabolites and enzymes are produced by the inhabiting microorganisms. Most bioprospecting campaigns have therefore focused on the exploitation of plant endophytes that produce manifold bioactive metabolites through cultivation-dependent methods, evaluating mainly endophytic fungi and Actinomycetes (Tan and Zou, 2001; Schulz et al., 2002; Strobel and Daisy, 2003; Gunatilaka, 2006) or Actinobacteria (rev. in Qin et al., 2010) .
To a lesser extent root-associated microorganisms have been prospected for secondary metabolites (Gunatilaka, 2006) . Microbial production of manifold molecules like phytohormones, antibiotics and quorum-sensing molecules has been reported in plants. Cytokinins and auxins are plant growth regulators expressed by a vast amount of microbes, especially bacteria, allowing them to influence cell elongation and division in plants (Hayat et al., 2010) . Particularly, the auxin indole-3-acetic acid, its biosynthesis and mode of action received much attention. Microbial indole-3-acetic acid production can be of different consequence for plants, either detrimental as in crown gall formation induced by Agrobacterium tumefaciens or beneficial by promoting root development (rev in Duca et al., 2014), for instance.
Penicillin, the historical and classical example for microbial derived antibiotics is by far not the only microbial antibiotic produced and found. The production of such compounds is common among microorganisms. Examples of antimicrobial compounds synthesized by plant associated microbes include cyclosporine that is produced by the endophytic fungus Tolypocladium inflatum and shows antifungal activity (Borel et al., 1976) . More recently discovered microbial antibiotics are antifungal ecomycins derived from the plant endophyte Pseudomonas viridiflava or turbomycin A and B, which were identified from a soil derived metagenomic library (Miller et al., 1998; Gillespie et al., 2002) . Bioactive compounds produced by plant associated microbes not only display antimicrobial and their potential for biological control (Ryu et al., 2003; Müller et al., 2009 ). In fact, only little is known in regard to the enormous diversity of VOCs from microbial sources and their mode of action (Kanchiswamy et al., 2015) . New volatiles were detected in plant-associated microorganisms (Strobel and Daisy, 2003; Kai et al., 2007; Bailly and Weisskopf, 2012) . Bacterial volatiles can interact directly with plants, but they can also have a strong effect on fungal growth sesquiterpenes), and aromatic (e.g. 2-phenylethanol) or halogenated compounds (methyl iodine), as well as compounds containing nitrogen (e.g. ammonia, pyrazines) or sulfur (e.g. 3-dimethylsulfoniopropionate) (Schulz and Dickschat, 2007; Kai et al., 2008) . One of the most prominent anti-fungal volatiles is hydrogen cyanide, a respiratory poison, which is inappropriate for agricultural applications due to its high toxicity and lacking specificity (Blom et al., 2011) . In the last years, the study of microbial volatile emissions has been confined to single cultivable bacterial species. Given the fact that more than 98% of the microbial diversity is not readily cultivable under current lab conditions (Handelsman, 2004 ), a search in metagenomes -bypassing the need of cultivation -is a promising approach.
Interesting industrial applications for microbial VOCs are bio-fumigation processes for developing crop welfare and sustainable agricultural practices (e.g. agricultural pre-and postharvest treatment) (Kanchiswamy et al., 2015) as well as for control of microbial hazards in human environments. The identification and analysis of novel secondary metabolites and their producers is yet another encouraging field, with an ever-growing demand for microbial and biochemical biopesticides. Moreover, VOCs can be applied as natural aroma chemicals, such as flavours and fragrances in the food and health care production industry (Krings and Berger, 1998) . Some classes of VOCs produced by plant-associated bacteria are active against multi-resistant bacteria (Berg, pers. comm.), which can lead to the development of promising and novel concepts against the world-wide antimicrobial resistance challenge (Woolhouse and Farrar, 2014) .
Exploiting the first moss metagenome -a successful example for bioprospecting
Our investigations on moss have revealed that the plant-associated microbiota represent a nearly untapped source for novel microbial functions, originating from species that are adapted to diverse biotic and abiotic conditions (Bragina et al., 2014) . Mosses are considered model organisms for higher plants (Cove et al., 2009) and are therefore well suited for studying plant-microbiome interactions. Peat bogs are considered extreme habitat where mosses face extreme environmental conditions, such as high temperature fluctuations, repetitive desiccation, nutrient deficiency and high oxidative stress. The colonizing microorganisms are therefore highly specialized and display specific genetic features that distinguish them significantly from microbiomes of higher plants and peat soils, and support the symbiotic nature of the ecosystem.
In silico analysis of the Sphagnum moss metagenome revealed increased abundance of functional groups that are responsible for stress tolerance and higher bacterial interaction through quorum sensing (e.g. autoinducer-2, AHL, and gamma-butyrolactones signaling pathways), biofilm formation, nutrient exchange (e.g. nitrogen cycling) and enhanced bacterial motility (Bragina et al., 2014) . The occurrence of biosynthetic genes belonging to non-ribosomal peptide synthetases (NRPS) and polyketide synthases (PKS) was also investigated. Contigs containing NRPS and PKS sequences contributed 0.06% of the assembled metagenome, leading to detection of putative gene sequences coding for antibiotics, siderophores and phytotoxins (Müller et al., 2015) .
Bioprospecting for novel enzymes in the moss-associated microbiome has also been successful, yielding novel esterase, decarboxylase and phosphatase genes with potential application in biocatalytic processes (Müller, pers. comm.) .
Concluding remarks
The phylogenetic and metabolic diversity hidden in plant-associated microorganisms is undeniable. This biosynthetic diversity can be regarded as highly diverse yet specialized and adapted to biotic and abiotic environmental conditions, making the discovery and exploitation of functional genes and secondary metabolites very promising. The full potential is hardly explored and should continue to be exploited. Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N., Assenza, F., Rauf, P., Huettel, B., Reinhardt, R., Schmelzer, E., Peplies, J., Gloeckner, F.O., Amann, R., Eickhorst, T., Schulze-Lefert, P., 2012. 
Functional diversity Reference
Soybean phyllosphere [a] ( Focus on metabolic systems for microbiome-host interactions: high abundance of genes for protein secretion (cytoplasmic and outer membrane proteins, type VI secretion system), plant-polymer-degrading enzymes (cellulases, xylanases, cellobiohydrolases, pectinases, cellulose-binding proteins), motility and adhesion (flagellins), detoxification of reactive oxygen species (catalase, superoxide dismutase, glutathione peroxidase), siderophores biosynthesis, quorum sensing systems (AI-2, homoserine lactone), and nitrogen cycling; Availability of other enzymes involved in butane-diol fermentation, aerobic degradation of aromatic, halogenated and aliphatic compounds, and synthesis/degradation of polyhydroxyalkanoates was detected.
Sessitsch et al., 2011
Rice phyllosphere (P) and rhizosphere (R) [b] (Oryza sativa subsp. indica cv. IR-72) 99.5 P, 97.4 R/ n.a./ 0.5 P, 2.6 R Actinobacteria (38 P, 8.5 R) α-Proteobacteria (35 P, 14 R) ß-Proteobacteria (5 P, 17 R) δ-Proteobacteria (1.6 P, 11 R) Chloroflexi (0.6 P, 4.6 R) Los Baños (Philippines); Agricultural practice: rice-field, sampling at 59 to 76 days after seedling transplantation.
Abundant functions in the phyllosphere are: substrate uptake (porins, ABC transport system), stress response, cell adhesion (fasciclin domain), onecarbon compound metabolism (methanol-DH), invasion-associated locus Bfamily protein; in the rhizosphere: methanogenesis and methane oxidation, dinitrogen fixation, chemotaxis and motility. Study focused on diversity of microbial rhodopsins: a higher abundance of sensory rhodopsins over rhodopsin proton pumps was detected; mostly novel rhodopsin sequences with uncertain phylogenetic affiliation were detected.
AtamnaIsmaeel et al., 2012b
Poplar wood [d] (Populus tremula) Functional cores were analysed: the most representative metabolic systems involve membrane transport (secretion system type IV), as well as acquisition of nitrogen, phosphorus (P uptake, alkylphosphonate utilization), potassium and iron (heme, hemin uptake), which are overrepresented in the rhizosphere as compared to bulk soil. Protein metabolism was most abundant after 1 year, while regulation and cell signalling systems were more abundant after 5 years of cultivation.
Mendes et al., 2014
Lettuce rhizosphere [c] (Lactuca sativa) Functions supporting genetic exchange (phages, type IV secretion), resistance to oxidative stress (GSH/MSH/Rr reactions), and motility (flagella, rhamnolipids) are highly abundant. High diversity of genes coding for quorum sensing molecules (AI-2, homoserine lactones, γ-butyrolactones), biofilm formation and adhesion (EPS, adhesins), toxin-antitoxin systems, antibiotics and toxins (multidrug efflux pumps, Co-Zn-Cd resistance), DNA repair, NRPs and PKs (toxins, siderophores, antibiotics) were also detected. Significant enrichment of protein coding sequences for adhesion, stress response, and secretion systems was observed; Functions support hostpathogen interactions (type III secretion system T3SS), microbe-microbe interactions (type VI secretion system, T6SS), microbe-phage interactions (transposable elements, bacteriophage integration), iron mobilization (siderophores), and sugar transport; Plant effector proteins (T3SEs) and phage protection systems (CRISPR-cas) were identified.
